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SUMMARY

Seven configurations of specimens made of 2024k and TO75 aluminum
alloys in both rolled and extruded form were subjected to repeated axial
loads until fetigue cracks of varilous lengths were formed. The speclmens
were then subjected to statlc tests to determine the residual static
strength. Small cracks resulted in disproportionately large reductions
of static strength, the reduction belng greater for TO(5 than for
2024 aluminum slloy. A simple method of analysis which predicts the
observed results is developed and described.

INTRODUCTTION

The high effective stresses occurring in modern aircrsft structures
and the nonexistence of the endurance 1limit for the aeluminum alloys from
which the structures are buillt preclude any hope for infinite life, Since
fatigue cracks are practically ineviteble, the designer and the operstor
require information regarding the remaining strength of parts contaelning
such cracks. The literature contelns very little informetion on properties
of aircraft structural parts containing fatigue cracks. In general, the
avellsble information indlcaetes that a very large loss of stetic strength
may be expected in some cases.

In order to supply more of such Informstion, the langley Laboratory
of the NACA has begun a systematic study of the effects of fatigue cracks
on the static strength of simple specimens. Tests have been conducted on
several configurstions of specimens made of 2024 and 7075 aluminum alloys
in both rolled and extruded forms.

lSupersedes NACA Research Memorandum I55D15s by Walter Illg
and Herbert F. Hardrath, 1955.
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The first part of thils peper presents the results of the experimen-
tal investigation. Comparisons between characteristics of the materials
and specimen configurations are made. The second part of the paper pre-
sents a simple method of analysis which was developed to predict the
static strength of specimens containing fetigue cracks. The method 1s
based upon calculation of the maximum local stress in the speclmen. The
elastlc stress concentratlon factor for the conflguration is computed
according to the theory of elasticity. The elastic factor is then modi-
fied for size and plasticity effects according to methods proposed by
Neuber (ref. 1) and Stowell (ref. 2). The required material constants
were determined experimentally or adjusted empirically,

Appendix A outlines the detalls of computing stress concentration
factors for configurations for which no stralghtforward solution exists.
Appendix B discusses the appearance of the fallure surfaces of the
specimens.

SYMBOLS
a half-wldth of net section, in.
A area of net section, sq in,
Ao minimum cross-sectional area of specimen without fatigue cracks
or saw cuts, sq in.
e eccentricity, in.
E Young's modulus, ksl
secant modulus, ksi
sec
(ES)‘:° secant modulus for materiel remote fram hole, ksi
E, secant modulus corresponding to point of meximum stress on
stress-straln curve, ksi - :
E, secant modulus for nominal stress on net section, ksl
I moment of inertia, in.h
Kb elastic stress concentration factor for a deep notch

KS elagtlc stress concentration factor for a shallow notch
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elastic stress concentration factor for a notch of arbitrary
depth

Neuber "engineering" stress concentration factor
plastic stress concentration factor
stress concentration factor for ultimate tensile strength

moment, in-Ib

axisl load, 1b

Minimum load
Maxlmum load

load ratio,
nominal stress on net section, ksi
maximum load divided by A,, ksi

ultimate tenslile strength of material, ksl

depth of notch or crack, or half-length of internal notch, in.
radius of curvature, in.

effective radius of curvature, in.

Neuber material constant, in.

Neuber material constant for ultimaste tensile strength, in.

meximm local stress, ksi

included angle in notch, radlans
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Description of Specimens

Configurstion.~ Seven conflgurstlons of specimens made from two

aluminum alloys were tested in this Investigation and are as follows:

Specimen Material
Figure .
Aluminum
Size Type of notch alloy Form Blze
2024-T3 Sheet 04081 and 0,090 inch thick
1 ! Extruded H 0.125 inch thick
ZE inches wide * Edge notch 1 T0T5-16 Sheet 0.090 inch thick
TOT5-T6 | BExtruded 2 0.102 and 0,125 inch thick
2024-T% Sheet 0.081 inch thick
12 inches wide Edge noteh 2 | 7o7-16 Sheet 0.075 and 0.081 inch thick
2024-T3 Sheet 0.081 inch thisk
12 inches wide l-inch hole 2 7075-T6 Sheet 0.075 inch thick
2024-T3 Sheet 0.102 inch thick
35 inches wide 1-inek hole 107516 Sheet 0.102 inch thick
5/4 inch thick 20247 | Rolled bvar |3/ inch thick by 6 inches wide
by 2 inches wide |  L/i-inch hole 3 | 707516 |Extruded bar | 3/% inch thick by 6 inches wide
3/4 inch thick 1/8-inch tangs 2024-Th | Rolled bar |3/4 inch thick by 6 inches wide
by 4 inches wide | with 1/b-inch holes | 7 T0T5-16 |Extruded ber | 3/% inch thick by 6 inches wide
3/4 inch thick 1/%-inch tengs 3 2024-Th | Rolled ber |3/% inch thick by 6 inches wide
by 4 inches wide | with 1/k-inch holes TOT5-6 | Extruded ber | 3/4 inch thick by 6 inches wide

In all cases, the faces of the specimens were left as received.
notches were cut by normal machining technliques with no special effort to

The

minimize work hardening. The longlitudinal axis of each gpecimen was

parallel to the grain direction.

Meterial.- Tensile specimens were prepared according to the standards

presented in reference 3 from each of the sheets and bars used in this

investigation.,

autographic stress-strain recording equipment.
were used to measure strains larger then' those accommodated by the auto-
grephic equipment.- The tensile properties thus obtained are summarized
Typical stress-strain curves for each material are given in
figure 4. The properties measured indicaete that the materlals were at
least as strong as the minimm values listed in reference L,

in table I.

Tensile tests were performed in the usual manner using

Dial~gage extenscmeters

The photomicrographs shown in figure 5'yere made of the material
used for the small specimens shown in figure l.

The photamlcrographs
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indicate a normal and uniform grein structure for the sheet materials.
The 2024-Thk extruded materisl shows considersbly larger graln size with
some tendency for gralns to be very long in the longitudinal direction.
No indicastion of grain boundaries was found for the TOT5-T6 extruded
material even though 1t was subJjected to several different etching agents.

Testing Procedure

2%-inch-wide specimens.- The small specimens (fig. 1) were subjected

to repeated tension loads in 20,000-pound-cepacity subresonant fatigue
testing machines. (See ref. 5. ) The speed of load application was
1,800 cpm and the initial nominel stress varied between approximately 5
and 30 ksi. Fatigue-crack detector wires (ref. 6) were applied across
the critical section of the specimen at intervels of approximstely

0.l inch. The wires nearest the bases of the notches were connected in
series with the coil of a relsy which stopped the machine when one of
the wires falled. Whenever cracks of greater length were desired, the
next wlre was connected to the stopping circult and the machine was
restarted with the load amplitude aerbitrarily reduced by one-half in
order to control the rate of crack growth and to prevent fallures due to
fatigue action alone. This process was repeated with the load amplitude
reduced each time until & crack of the desired length had formed. In
most cases, approximately 100,000 cycles of load were required to initiste
the fatigue crack. In nearly eall cases, only one crack was formed.

The specimens contalning fatigue cracks were removed fram the fatigue
machines and placed under a toolmaker'!s microscope to measure the length
of crack visible on each face. The ares of the crack was determined by
multiplying the average length by the thickness of the specimen. Each
specimen was then subjected to steadily increasing tension loed until
failure occurred. This test was performed in a 120,000-pound-capacity
hydraulic testing machine (ref. T) equipped with grips similar to those
used in the fatigue testing machines (ref. 5). The free length between
grips during both the fatigue loading and the static test was ll%»inches.

Since most of the 2&-inch-wide gpecimens contalned only one fatigue

crack, the static load was applled eccentricelly with respect to the
remaining net section. In order to study the effect of the eccentricity
on the strength, some of the specimens were modifled prior to statlec
testing to reduce the eccentricity. The modifications were accomplished
in two ways: In the first method, a longitudinsl strip of material was
removed (fig. 6) such that the depth of the crack, meassured from the new
edge, equaled the depth of the notch on the other side. In the second
method, a Jeweler's saw was used to make a cut equal in depth to that of
the fatligue crack in the opposite notch.
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A few specimens were tested with jeweler's saw cuts of equal size
on both sldes of the specimen. These specimens were tested with no
repeated loads applied in order to determine whether saw cuts could be
used to simulate fatigue cracks.

12-inch-wilde specimens.-~ The l2-inch-wide sheet specimens shown in
flgure 2 were subjected to repeated axial loads varylng between O
and 45 ksi in the hydreulic testing machine described in reference T.
The loads were cycled automatlcally by an alr servomechanlsm which was
actuated by limit switches attached to the lower grip of the machine.
The average speed of cycling was 8 cpm.

The grips used for these tests were fleat plates securely fastened
to the head and loadlng rem of the testlng mechine. Five l-inch bolts
were used to clamp the specimens In each grip. The portions of the
faces of the specimen that were clemped inside the grips were roughened
with a multlple-point chisel driven by a small rivet gun. The clamping
pressure in the grips forced the roughened surfaces of the specimen to
embed into plastic liners placed between the specimen and the grips.
This procedure gave uniformly secure clamping over the entire width of *
the specimen.

As in the case of the smaller specimens, fatigue-crack detector
wires stopped the machine automatically st intervals during the test.
The load was reduced in Increments ass the crack grew to the desired
depth. Whenever deep cracks were desired, the time requlred to produce
the crack was reduced by msking a Jeweler's saw cut before the repeated
loads were applied. In these cases, the crack was always extended at
least 1/4 inch by repeated loading. -

After the crack had grown to the desired length, the specimens were
gubjected to static tensile tests without :removing them from the grips.
The exact length of the fatigue crack was medsured after stetic fallure,
In each case, the part of the fracture surface produced by fatigue had a
lighter color and a smoother texture than the part which was produced by
static failure.

In order to establish the behavior of speclmens with very sharp,
but known, radius of curvature, four suxlliary tests were performed.
The specimens for these tests were made from l2-inch by 36-inch sheets
like those shown in figure 2, except for the notches. One specimen of
each material had 60° V-notches 2 inches deep on each edge. The root
radius was 0,005 inch which gave a theoretlcal stress concentration fac-
tor of 27. (See ref. 1.) Another specimen of each masterial had potches
with parallel sides. A Jeweler's saw was used to produce a cut l% inches

deep. A fine thread coasted with valve grinding compound was then used to
extend this cut to a depth of 2 inches. The thread and grinding compound .
produced & reasonsbly round notch root with a 0.005-inch radius. Because T
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of the gentle aetlon of this procedure, the material surrounding the
root of the notch was expected to be falrly free of residual stress.

35~inch-wide specimens.- The 35~inch-wide specimens were subjected
to repeated and static loads in the langley 1,200,000-pound-capacity
testing machine. The cycling was done manually and varled between zero
and the maximum stress that could be spplied without danger of premature
fallure. The cycling speed was approximstely 3 cpm. Because of the
greater amount of time required to produce cracks in these speclmens,
saw cuts were made in most specimens before cyclic loads were applied.
However, the crack was alweys extended at least 1/4 inch by repeated
loading. Cracks shorter than l/h inch were, of course, made without
saw cuts,

The grips for these tests were flat plates clamped to the specimens
with 31 bolts in each end. Each grip was fastened to the testing machine
by a clevis and pin. Since the cracks grew from a central hole and were
usually spproximately symmetrical, the pin-ended grips should have acted
essentially the same as grips restralned against rotation. As 1in the
case of the l12-inch-wlde specimens, the gripped ends of the specimens
were roughened and plastic liners were used in the grips.

3 /h-inch~thick specimens.- Specimens made fram 3/4-inch-thick bar
stock (fig. 3) were tested in the same grips and machine used for tests
of 12-inch-wide sheet specimens. These specimens were subJected to
repeated loads varying between 40-ksi tension snd 30-ksi compression.
Reversed loads were spplied to these specimens to make the cracks grow
faster. The column strength of the specimens was great encugh to sup-
port the compression load without guides.

The maximum tension limit was reduced periodically as the crack
grew in order to lessen the chances of premature failure; the compres-
slon 1limit was not reduced. The campression loads tended to produce
fretting corrosion products on the surfaces of the fatigue cracks which
helped to identify the crack boundery after fallure. The contour of the
fatigue crack was usuaelly lrregular and the area was measured with a
planimeter after fallure.

As described previocusly for the l12-inch-wide specimens, saw cuts
were made to reduce the time required to make deep cracks. Again, in
these cases the cracks were always extended at least 1/4 inch by the
cyclic loading.

Results and Discussioﬁ

General observatlons.-~ The test results are presented 1n tables IT
to VI and are plotted in figures 6 to 14. In the presentation of the
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date, the strength of the cracked specimen was defined as the maximum load
divided by the area of the original net seéction. This stress is expresged
as a percent of the ultimate tensile strength of the material (as deter-
mined in tests of standard tensile specimens) and plotted as the ordinate
in these figures.. The abscissa is the percentage of the original net aree
which was lost as a result of fatigue cracks and saw cuts. The diagonal
dashed line in each figure represents the strength which would be obtained
if no stress concentration were present in e cracked specimen., The theo-
retical curves in each of the figures are explained in the analysis sectilon.

The results of statlic tests of specimens with notches or holes but
wlthout cracks sre plotted as solid test points 1n each flgure. For a
given configuration, the strength of these 2024 alumimme-alloy specimens
was a smaeller percentage of the ultimate tensllie strength of the material
than was the case for the TO75 aluminum-slloy speclmens. The strength of
specimens wlth notches or holes sometlimes exceeded the static strength of
the material. In these cases, the increase in strength of TOTS> speclmens
was generslly greater than that of 2024 specimens.

Smell fatigue cracks produced rather large decreases in statle
strength. Generally, the percentage reduction in strength of the
TOT5 specimens is more than that of 2024 specimens for all lengths of
fatigue cracks. S e

2%-inch-wide specimens.- Examination of data in figures 6 to 9

reveals that for smell specimens of a given alloy, there was no significant
difference between the behaviors of sheet and extruded material, even
though the grain structure wes quite differerit (fig. 5).

Efforts to remove the effects of eccentricity resulted in Improved
gtrength in nearly all cases., The effect'was, of course, more pronounced
for specimens contalning large cracks where the eccentrlclty was greatest.
In each of the materials, the two methods of reducing the eccentricity
(that 1s, removal of material from the cracked side or mesking a saw cut
on the opposite side) produced similer results.

Tests of specimens with double saw cuts resulted in strengths slightly
higher then tests of fatlgue-cracked specimens with eccentricity removed.
The number of tests may be too smaell to justify a definite conclusion,
put the result was consistent for the cases lnvestigated.

12-inch-wide specimens.- The results of tests on sheet speclmens
12 inches wide (fig. 10) indicated a significantly greater reduction in
statlc strength for a gilven percentage of net area lost by fatigue cracking
than did results of tests on smaller specimens. For TOT5-T6 aluminum alloy,
the strength of speclmens with edge notches was affected more by cracks than
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was the strength of specimens with central holes. The eccentricity intro-
duced by two cracks of unequal length was evidently more important in speci-
mens with edge notches. This seme eccentricity also affected the rates of
propagetion of the fatigue cracks with the result that the two cracks

in a given specimen with edge notches were not likely to be equsal in

length.

35-inch-wide specimens.-~ For the conflgurations tested, the reduc-
tion in statlc strength due to fatigue cracks penetrating a glven per-
centage of the original net area was greatest for the 35-lnch-wilide sheet
specimens (fig. 11). In the worst case, a TOT5-T6 specimen with 23.3 per-
cent of its cross section falled experienced a loss of 8l.4 percent of the
static strength of the material. This loss 1s equivalent to & stress con-
centrstion factor of 5.4 based on originsl net area or 4.2 based on
remaining net area.

When specimens with large fatigue cracks were tested statically, the

middle of the speclmen tended to buckle ocut of the plane of the sheet.

This buckling was presumsbly due to the transverse compression forces com-
monly found near holes at the ends of the dismeter parallel to the applied
force. In an effort to Investigate the Importance of this buckling, guides
made of wood were spplied to one specimen of each of the two materlsals.
This resulted in approxlmately 25 percent incresse in strength in each
case, (See fig. 11.)

3 /h-inch~thick specimens.- Among the configurations tested, the
B/h-inch-thick specimeng with central holes experlenced the smallest
reductlon in static strength due to a given percentage loss of net area.
(See fig. 12.) The superior strength can probebly be attributed to two
factors: First, these specimens were the nsrrowest specimens tested and,
second, the cracks usuaslly grew practlcally symmetrically from the center.
Eccentricities which caused grester reductions 1n strengths for other con-
flgurations were not present to any significant extent 1n these specimens.

The least consistent set of data was obtained from tests of specimens
with tangs. (See table V and figs. 13 and 1k.) In these specimens, cracks
grew 1n two directions from each of two holes with the result that the
smount of eccentriclty present varied erratically from specimen to specl-
men., In some cases, the crack was encouraged by saw cuts to grow on one
side only 1n an aettempt to produce the most eccentric case possible for
thils configuration. The two different thicknesses of tangs contributed
two different percentage losses in net area for a given crack length.

Static fellure in all cases but three was sudden when the maeximm
load was reached. The three specimens not conforming to the normsl behav=-
ior failed in two steges. One of the tangs falled suddenly st a load
somewhat lower than that which finally caused failure of the entire speci-
men. Both loads were recorded and asre indicated in teble V(d). The higher
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of the two loads was greater than appeared consistent with the test results
for other specimens of this type and was not plotted in figures 13 and 1k,

ANALYSTS

As shown by the experimental results, the residual ststlc strength
of & specimen containing a fatlgue crack mey vary considerably, depending
upon the type of specimen, the extent of the crack, and the materlal, The
purpose of this section 1s to establish an analyticael procedure for the
determination of the residusl strength of specimens containing fatigue
cracks and thereby to eliminate the need for much of the testing which
would be requlired to obtaln the informastion experimentally.

A vast amount of research on failure of structures containing cracks
has been conducted in connection with fallures in ships and other steel
structures, Most of this work indicates that the phenomenon of the
transition tempersture is involved in the steel problem. Since the
aluminum alloys do not exhibilt & transition temperature, little of the .
work on steels can be extended to the study of statlec strength of
aluminum-alloy specimens containing cracks. Irwin (ref. 8) has developed
an snalysis method involving computation of the elastic energy availsble *
to extend a crack and has suggested its application to "brittle" fallure ~
in gluminum in sddition to steels. Irwin's analysls was developed to T
predlct the load requlred to cause a sudden failure in a plate containing
a slow-running crack.

The results of the present work could not be compared readily with
Irwin's theory because sufflclently accurate solutions for the stress
distributions in many of the conflguretlons were not available. Further- )
more, in the present tests, only the maximum losd carried by a given o
gpecimen and the length of the crack prior to static loading were recorded.
Any extension of the crack during stetic loading was, therefore, not
observed and direct comparison with Irwin's analysis 1s not possible.

The applied load in many tests produced plastic stresses throughout the
specimen; thus, elastic analyses are probably not directly applicable.

The point of view adopted in the present paper is that the determina-
tion of the residual static strength of a specimen contalning a fatigue
crack hinges on the determination of the maxlmum stress in the specimen.
The resldual stetic strength of the speclmen can then be determined if 1t
is assumed that fallure occurs whenever the maximum stress equals the
ultimate tensile strength of the material. In vliew of other work on
fracture, the maximum-stress criferion‘'of failure appears to be reason-
gble (ref. 9) for ductile metals, For tests of sheet specimens, the -
effects of triaxielity are small and are therefore neglected in this
analyeis. A procedure for the determination of the stress concentration
Tactor at fallure X; hes been developed within this general fremework.
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Method of Determination of Ka

The general plan which has been chosen to compute Ky, is made up
of three steps. First, the elastic stress concentration factor Kp for

the conflgurstion i1s computed. Then & correction is made for the sbso-
lute size of the notch by & method developed by Neuber. (See ref. 1.)
Finally, a correction is made to account for a large decrease in stress
concentration brought about by plastic action. As shown subsequently,
each of these steps ilnvolves an empirical adjustment of one of the param-
eters used in that step. In order to simplify the presentation and to
demonstrate the general applicaebility of the method, the proposed method
is developed first for specimens requiring only the plasticity correction.
The method 1s then extended to situations requiring size and plasticity
corrections, and finally the case of the specimen contalning fatigue
cracks is discussed.

Plasticity effects.- Previous work gt the Iengley Leboratory has
led to methods of predicting stress concentration factors in the plastic
renge. Griffith (ref. 10) tested 2024~T3 gheet specimens with central
holes to study the plastic stress concentration factor for this configu-
ration. Stowell (ref. 2) developed the followlng expression which agreed
well with Griffith's results:

KP=1+2EE&- (1)

where Kp 1s the stress concentration factor in the plastic range,
Egee 15 the secant modulus for the masterial at the point of maximm

stress, and (ES)m 1s the secant modulus for the materisl remote from
the hole.

More recently Budiansky and Vidensek (ref. 11) have anslyzed this
same problem in a more rigorous manner and heve found good agreement
between thelr results and Stowell's, at least for msterials like the
aluminum alloys.

In an extension of this work, Hardrath end Ohman (ref. 12) tested
other configurstions of specimens and found thet the following generalized
form of Stowell's equation ylelded satisfactory results:

Kp=l+(KT-l)Esf (2)

Although this equation has not been checked by rigorous methemsticsl
anglysis nor for large strains, it was tried in the present analysis
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because of 1ts simplicity. For calculstion of the stress concentration
factor at fracture, Ege, Wwas replaced by Ey, the secant modulus cor- .

responding to the point of meximum stress on the stress-strain curve.
(See fig. 4.) The followlng expression was thereby cbtelned:

%% =K, =1+ (KT - l) %ﬁ (3)

The complete stress-straln curve for the material is needed to
gsolve equation (3) for those cases where the applied stress is plastic.
In order to simplify the calculations, the secant modulus corresponding
to the nominal stress on the net section has been substituted for the
secant modulus for material remote from the hole as used by Stowell in
reference 2. (This causes no discrepancy with Stowell's analysls because
he worked with a hole in an infinite sheet where gross-section stresses
snd net-section stresses are equal.) Calculations based on equation (3)
require a trial-and-error procedure unless the equation 1s rewritten in
the form '

- CHE

In order to use this equation, a series of arbitrary values of the
failing stress S 1s assumed. The corresponding values of Epn are

found from the stress-strain curve and, since §; and E; are constants
for the material, a series of Kp values is computed. When these values

of Kp are plotted against S/ or K,, the resulting curve may be
used to obtain the solution of eguation (3) for all values of Kg.

Size effect.- Many investigators working with stress concentration
factors have encountered a lack of agreement between values of Kp

determined by the theory of elasticity and values determined experimen-
tally. The observed values are always below the theoretical values, the
difference increasing with decreasing radius of curvature In the notch.
The effect is found most frequently in anslysis of fatigue test results.

A relastion originslily developed by Neuber (ref. 1) has been used by
Kuhn snd Hardrath (ref. 13) to predict the endurance limits in fatigue
tests of steel specimens having notches. The Neuber "engineering" factor
is based on the concept that materials are composed of small "building
blocks" of linesr dimension p'!' across which the stress is constant.
The eliminstion of the steep stress gradient leads to & reduction in .
stress concentration factor according to the relation:
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2ot (5)

14+ T el
T -nyP

Ky = 1+

where Kp 1s the elastic stress concentration factor, o 1s the included

angle 1n the notch, and p 1is the radius of curvature at the base of the
notch., Since the reduction in stress concentration factor is dependent
upon the absolute size of the notch, the expression “size effect" has been
used in discussion of the phenomenon.

Other forms for reduced stress concentration factors to account for
size have been suggested (refs. 14 and 15), but there appears to be no
conclusive method for choosing between them. The Neuber factor was
chosen to meintain consistency with previous NACA publicatioms.

The combinetion of slze and plasticity effects can be accounted for
by merely substituting the Neuber factor Ky (eq. (5)) for the elastic

stress concentration factor in equation (3):

Iq1=1+(KN-1)% (6)

Equations (5) and (6) were used to determine values of p' needed
to predict the results of the four auxlliary tests described in the
experimental part of this pasper. Table VI summerized these results.
From a knowledge of the specimen configuration, the values of Kp were

computed; the values of K, were found experimentally; and p' was

adjusted to satisfy equations (5) and (6). Examination of the values

of p' in teble VI indlcates some varlsbility, but inasmuch as the square
root of this quantity is used in equation (5), little sccuracy is lost if
the average value (p' = 0.0036 inch) 1s used to predict static failure in
the aluminum alloys tested in this investigation. In the interest of
simplifying the computations, this value of p' has been adopted for the
analysis which follows.

In the analysis of the long-life fatligue properties of aluminum-alloy
specimens containing notches, Kuhn (ref. 16) has reported that a value of
p! = 0,02 inch glves best agreement, The reason for the disagreement
between the two values of p!' d1s not known, but it is probably reason-
able to expect different values to apply for the different modes of fail-
ure. The symbol Py will be used I1n the subsequent dlscussion for the

speclal value of p' which is used for static failure.

For specimens having large radii of curvature at the base of the
notch, the size correction is, of course, small and Ky approaches Kq.
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Fatigue cracks.- The problem of predicting the static strength of
specimens contelning fatigue crecks according to the system outlined in
_the previous sectlons depends upon the calculation of Kp for the con-
figuretion. The value Ky depends critically upon the radius of curva-

ture at the root of the crack, a dimension not reedily measurable by
ordinery meens., In this enalysls, the following approach was adopted:
The effective radius of curvature Pe Wes assumed to be a constant

independent of the prior history of the specimen and independent of the
depth of the crack. Several values of p, Wwere then computed from the

results of tests on several types of specimens for which Kp could be
computed readily. These computations showed that values of Pe of the

same megnitude as p, Wwere obtained. The assumption that
Pe = Py = O 0036 inch made possible a further simplification-

Ky =1+ Z(Ke - 1) (7)
and
%=1+ F(p - 7)g8 (8)

Since the stress concentrstion factors for some of the configura-
tlons involved in this investigatlion were not. availsble in the litera-
ture, semiempirical solutions were used. The detalled methods of com-
puting Kr and Ky for the several configurstions tested are summarized
in appendix A. The velues of K, were then taken from figure 15 which
shows in graphicael form the solutions of equation (6) for all configurs-
tions and each of the materials tested.

" Comparison Between Calculatlons and Experiments

The method described was used to predict the strengths of all of
the configurations tested. The results of the computations are pre-
gsented as the theoretical curves in figures 6 to 1k,

For the unmodified 2%; - inch~wide specimens made of each of the four

meterials (figs. 6 to 9), the agreement between theory and experiment was
very good. In the cases of specimens made symmetricael by removal of
materlal or by meking a sew cut -on the side opposite the fatlgue crack,
the anelysls esgain gave good predictions or was conservetive.

Figure 10 1llustretes that for the l2-inch-wide specimens the pre-
dictions were good or conservatlve., The lafgest discrepency on the
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conservative slde 1s for the strength of 2024-T3 specimen 20, table III.
Examination of this specimen revealed that whereas most cracks grew at
right angles to the direction of applied load, the fatigue crack in this
specimen grew st TO° to the direction of the applied load. For crack
growth of this type, the analysis used would be expected to give con-
servative results.,

The theoretical curves 1n flgure 10 for speclmens with central holes
were computed on the assumption that the cracks were symmetrical. In
those tests where the cracks were not symmetrical, the effect of eccen-
tricity was small. Hence, the agreement between tests and predictions
was good. On the other hand, theoretical curves for specimens with edge
notches were computed on the assumption that only one crack occurred. The
prediction is, therefore, very conservative when compared with the strength
of specimen 21 in table III in which symmetrical cracks were formed.

The predictions for 35-inch-wide specimens (fig. 11) were in excel-
lent asgreement with the tests. For large cracks, the snalysis predicted
accurately the strength of specimens restrained against buckling. Speci-
mens which were unrestrained and which buckled probably developed addi-
tional secondery stresses which decressed their static strength. This
buckling may have been present to some extent in specimens having cracks
through 25 percent or 30 percent of the original net ares.

For 3/4-inch-thick specimens (fig. 12) with central holes, the pre-
diction is conservative for 2024-~-Th msterial and uncomservative for
TOT5-~T6 material. The assumption thaet P, was a constant for all the

materlals used in this investigation may be responsible for this dis-
crepancy. Sheet specimens predominated in this investigation and had
&8 strong influence on the choice of Py Other values of Py would

undoubtedly improve the predictions, but the existing deta are probebly
not sufficient to justify the cholce of such new values.

Anslysis of the specimens wilth tange presents more difficulties
than any other case tested. The holes in the tangs tend to produce four
cracks, two of which eventually reach the edge of the specimen; thus,
the specimen acts thereafter as though it had edge notches. The change
in thickness across the width adds additionsl complications regarding
eccentriclties and computation of stress concentrstlion factors. There-
fore, each specimen should be treated as & separate problem. The curves
in figures 13 and 14 were computed according to two simple sets of assump-
tions to indicate that reasonable estimstes can be cobtained by the pro-
posed method. In the symmetrical case cracks were considered to grow
from both holes, and in the unsymmetricel case cracks were considered to
grow from one hole only. These curves are intended to cover the extremes
of crack behavior. The detalls of these computations are outlined in
appendix A, Since the actual cracks in many of the specimens d4id not
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conform exactly to either one of these schem@s, individusl values of the
percent meterial strength were computed and are presented in tables V(b)
and V(d) together with the sketches of the corresponding cracked cross

sections. When the complexity of the spécimen and the sssumpiions made
are considered, the agreement is probably bétter then would be expected.

In general, the procedure developed herein glves good results,
especlally for smaell cracks, which probably are the only ones of real
concern. The fact that the method 1s able to prediect differences between
behaviors of alloys and types of speclmens 1s considered to be noteworthy.

In addition to simplifying the computation of K, figure 15 compares

statlc notch sensitlivitles of these aluminum elloys. It 1s seen that the
notch sensitivity is a function of Ky. Wheh Ky 1s large (greater than
about 5), the TOT5 aluminum slloy is more séhsitive to notches than

2024 aluminum alloy because it has & higher ultimste tensile strength and
a lower corresponding elongstion than does the 2024 material. Therefore,
the resulting value for Eu/En is greatér in the TOT5 material than in

the 2024 material.,

The curves in. figure 15 sre linear whenever K, is sufficiently

high to csuse the net-section stress to be in the elastic range. Then,
En 1s E, and Ej/E is a constant. This situstion existe for deep

cracks or very sherp machlned notches in both alloys and, in the
TOT5 materials, for milder notches.

For lower values of Ky, the 2024 materisl is more sensitive than

the 7075 material. The primary reason for this sensitivity is that for
2024 materiel the proportional limit 1s a smaller percentage of the ]
uwltimate tensile strength than it 1is for TOT5> material. The result is

that the net-section stress is usually well into the plastic range, the
value of E, 1s less then E, and the velue of Ey/E, for the

2024 material 1s greater than the value for the TOT5 materiasl. Thus,
the value of K,; 1is greater for the 202k material then for the '
707> material, This fact explains qualitatively why the 202 specimens
exhibit a greater reduction in static strength due to maschined notches
then do speclmens made of TOT5 eluminum alloy., The authors know of no
other theory whlch has predicted greater strength reductions for

2024 specimens than for TOT5 specimens with like configuration.

Quantitatively, predictions by this analysis method are conservative
when applied to tests of specimens wlth holes or notches but without
cracks. The reason for this is not known. The beneficial effects of
triaxiality, which have been neglected in this analysis, should be less
for large notches than for sharp cracks. ©Specimens with large notches
would therefore be expected to have lower strength. Statistical
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sampling effects should also produce lower strength in specimens with
lerger volumes of materisl subJected to high stress. Reasonable changes
in p, will probably not suffice to lmprove the predictlons significantly
since the size correction (eq. (5)) is not very important for the sizes
involved.

The effects of speclmen width and of eccentricity noted in the
experimental peart of the paper are also predicted by the analysis method.
Figures 16 and 17 show comparisons between predicted curves for the four
configurstions of specimens tested in each of the two sheet materials.
The tendency for wide specimens to be more sensltive to cracks than nar-
row speclmens is spparent. The curves for 12-inch-wide and 35-inch-wide
specimens with central holes tend to be parallel for cracks penetrating
more than 10 percent of the original net arees. The curves for specimens
with edge notches (2& and 12 inches wide) are also parallel for cracks

penetrating more than 10 percent of the original net area but show con-
slderably more reduction in strength for deep cracks as a result of the
eccentriclties present than do the curves for specimens with central
"holes.

The general agreement between theory and experiment tends to Justify
the assumptions made, at least for the aluminmum alloys tested. As yet
the method has not been tried for other materials, and the proposed
method of determining KX, should not be extended without further checking.

However, it is expected that many of the practlcal problems assoclated

with crack growth in alrcraft will concern aluminum structural alloys,
for which the present method appears appliceble.

CONCLUSIONS

Static tests of 2024 and TOT5 aluminmum-slloy specimens conteining
mild machined notches but without cracks revealed that the strength of
the 202k specimens is lower, percentagewise, than is the strength of
the 7075 specimens.

Static tests of 2024 and TOT5 aluminum-alloy specimens containing
fatligue cracks support the following conclusions:

l. Small crecks caused large decreases in statle strength.
2. The static strength of speclmens made of TOTH aluminum alloy was

significantly more sensitive to the effects of cracks than the static
strength of similar specimens made of 2024 aluminmm alloy.
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5+ On the besis of percentage of net area lost by fatligue cracking,
wide specimens experilenced greater loss of strength than narrow specimens
with similer configurations.

4, Specimens tested with the final net area eccentric with respect
to the load had lower statlc strengths than similar specimens which were
loaded along a line passing through the center of the remsining ares.

5. There was little, if any, difference between statlc strengths of
similar specimens made of sheet and extruded materlal for the same alloy.

A method of analysis based on calculetion of an elastic stress con-
centration factor for the configuration end on corrections for size and
plasticity according to the Neuber "engineering" factor and the Stowell
formuls, respectively, was reasonably succéssful in predicting the observed
test results. Empirical evaluation of the effective radius of curvature at
the root of a fatigue crack in the materisls tested and of the Neuber
constant showed that good agreement was obtained when both quantities
were asslgned the value 0.00%6 inch.

Langley Aeronsutical Laboratory,
Netionel Advisory Commlittee for Aeronautics,
Langley Fleld, Va., July 6, 1956.
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APPENDIX A
DETERMINATION OF Ky

This sppendix is a brief outline of the methods of computation used
in the main body of the paper for the determination of Ky. In each case

the effects of eccentricities, if any, must be accounted for and the cam-
bination of a large machined notch end s small crack must be considered.
Each type of configuration will be treated.

Central Hole With Small Cracks

Howland's analysis (ref. 17) for a hole in a finite sheet was used
to obtain Kp for the hole. This value was corrected for size by the

. -1
Neuber formula: Ky =1 + EiL————n Small cracks within the highly stressed
1
1+ M%r
regions beside the hole were assumed to act in a manner similar to that of
shallow cracks in a sheet having paerallel sides. The formula for shallow

notches (ref. 1)

Knp~ZKg=1+ 2ﬁ§: (A1)
u

wes used. For the case where % = p,; = 0.0036 inch, this formuls yilelds

the value 3 and substitution of this value into equation (7) produces
Ky = 2. The value of Ky for the cambination of a hole and a very small

crack was then assumed to be the product of these two values of Ky or,
simply, twice the value of Ky for the hole. Figure 15 was then used
to obtein the corresponding value of Kﬁ. This method was used to com-
pute one point on each of the predicted curves.

Central Hole With Large Cracks

As the crack becomes larger the stress distributlon becomes less
dependent upon the existence of the original hole, The configuration
was assumed to be represented by an ellipse whose major axis equaled the
diameter of the hole plus the crack length. BExisting analyses (refs. 1
and 18) of stresses around ellipses in finite sheets are not readily
extended to cases in which the ellipse is not in the mlddle of the specimen.
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The following semiempirical method was therefore used to estimate the
stresses at cracks originating from a central hole. Neuber (ref. 1)
and others have suggested the form ' '

Kp=1+2 J%?

for a small ellipse in a wide sheet. This formula ylelds the appropriate
value of 3 for the circular hole. If it 1s assumed that the first tifg7_
t/p

accounts for the stress present wlthout a noteh and that the factor

accounts for the flatness of the elllpse, appropriate modification of

the factor 2 might account for the finlte width of the sheet. The Howland
and Sjostrdm analyses (refs. 17 end 19) were used to make this modifica-
tion as follows:

(KT)ellipse =1+ [(Kr)hole - l] Jg? (42)

where (KT 1s the stress concentration factor for a hole with a
ole A . .

dismeter equal to the major exls of the ellipse and located at the
appropriate position in a sheet of finite wldth (velues from fig. 18).
This analysis ylelds values somewhat greater than those predicted by
Westergeard (ref. 18), but was used because of the possibility of applying
it to eccentric cases. _

Values of K, for cracks with t/b > 10 were obtained by computing

according to the method just described, Ky according to formule (n,
and finslly K, from figure 15. In the naf¥row region 1 < t/p < 10, the
predicted strength curve was arbitrarily faired.

Symmetrical Edge Notch With Cracks

The same type of analysis as described in the preceding section was
used for smell cracks (t/p = 1l). The value of Ky for the edge notch

was determined by Neuber's equations for deep and shallow notches, his
transition formula o

(KS - )(Kb " l) (A%)

Kp = 1+
M(Ks—l)2+ (% - 3*

and finally his engineering factor (eq. (7)). This value of Ky was
multiplied by 2 which is the value of Ky for a crack with t/p = 1.
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Stress concentration factors for cracks deeper than t/p = 10 wvere
again assumed to be lndependent of the originsl notch. The configuration
was then assumed to be represented by symmetricel edge notches whose depth
equaled the sum of notch depth and crack depth. Neuber's relstions were
used ag before. Since in each of the cases under consideration the
ratios tfp and a/p are large, the Neuber relstions may be simplified
by taking the limiting form of each relation as p-—»0. This procedure
results in

Kg = 1+ 2yt/p (Ak)

and

Kp = = \[a/p (45)

Edge Notches With Unsymmetrical Cracks

In nearly all cases, the cracks in speclmens having edge notches
were elther on one side only or significantly longer on one side than on
the other. Trial computatlons showed that, in each case, the best pre-
dictions were obtalned when the side of the specimen opposite the longest
crack was assumed to have a stralght boundary. For example,

X\zd/[ Assumed boundar \\7//
LN

_____ —/-l— —_—— Short crack

Neuber has two solutions which are useful to treat unsymmetrical cracks.
The first 1s the solution for local stress due to tension load epplied
along the axis passing through the center of the net section and is shown
by the following illustration and equatlions:

o}
jQ_‘v t Kg = 1+ 2yt/p (A6s.)

o Ky = 0.83\a/p (A6b)
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The second is for local stress due to bendin_g and is as follows:

Vo e o

28

Ky = 1.13{k/e  (ATH)

Both sets of equations (eqs. (A6) and (AT)) were used, and Kp
and Ky for the axial load and bending cases were cobtalned from the
usual Neuber relations (egs. (A3) and (5)). The local stress was

finally obtained from the following relation: ' : e

Tmax = E'(KN)axial + %(KN);ending (48)

Based upon some additional tests designed to determine the end fixity of
the specimens in the testing machine, the moment M iIn the above relation

was taken to be 2Pe where e 1s the eccentricity of the load with

respect to the rema.ining net section. For rectangular cross sectlons ;
equation (A8) reduces to -

0'
(), cmptnation - P/A = ()peger ¥ E ﬂ(KN)bendi (49)

Equation (A9) was used to compute Ky for all cases of cracks
growing from edge notches except for the cases where the specimens were
made symmetrical by removal of material or by saw cuts. In these cases,

no bending wes present and only ( KN) gy VES needed.

Specimens With Tangs
The theoretical curves for specimens with tengs, figures 13 and lll-,

were computed for two assumed modes of crack growth: symmetrically
cracked and cracked on one side only. :

-
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For .the symmetrical case, cracks of equal length were assumed to
grow as shown:

"N

Case A Cese B

The anslysis for case A was similar to that used for holes with cracks
in sheet specimens. Case B was analyzed by using the procedure for sym-
metrical edge notches.

For the case of cracks on one side only, cracks were assumed to
grow from one hole Ilnstead of both. The analysis was similar to that
for the symmetrical case except that the eccentricity of loading was
also taken iInto account.

Since two different thicknesses of tang contributed different per-
centages of area for a glven crack depth, a separate strength curve was
found for each. Individusl percent masterlal strengths computed for each
of the actual crack configurations are presented in tables V(b) and V(d).
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APPENDIX B
APPEARANCE OF FATLURE SURFACES

One lnteresting aspect of the lnvestigation waes the appearance of
the fellure surfaces. In every case the boundary between the fatigue
crack and the static fallure was clearly visible. The contrast was
particularly striking in the cases of the B/M-inch-thick specimens. Filg-
ure 19 shows photographs of typical specimens.

The "herringbone" patterns visible in figure 19(a) were found only
in the 2024-T4 specimens with tangs. The static failure of thick speci-
mens without tangs in each of the materials was chareacterized by a granu-
lar surface on a plane normal to the axis of the specimen except for the
outer 1/8 inch of material, where the famillar shear failure wes preseifit.
Failures in TO75-T6 specimens with tangs (fig. 19(c)) were extremely
Jagged and had little tendency to occur along & plane normal to the axis
of the specimen. Some evidence of lamination in the material was found
for these latter specimens although specimens Without tangs cut from the
same bars showed no such cheracteristics., -~

Fatigue cracks in the sheet specimene and thin extrusions were
usually in a plane normal to the sutrface. The statically failed portion
of the surface was usually of the shear type. However, in T075-T6 speci-
mens there wes a consistent tendency for the materisl near the middle of
the thickness to fall along a surface normal to the face of the sheet.
The usual shear fallure was present near both faces.
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TABLE T

TENSILE PROPERTIES OF MATERIALS TRESTED

Yleld stress Ultinate Total elongation, Toung's

Material (0.2 percent offset), | strength, | 2-inch gage length, | modulus, | Y-ooer of

ksl ksl percent ksi specimens
2024-T3 sheet 52.7 T1.9 19.5 10.6 x 107 14
2024-Th extrusion 52.7 67.2 16.7 10.5 ko
2024 T rolled bar h6.2 64.8 20.9 10.2 3h
TO7T5-T6 sheet 4.0 80.5 12.8 10.3 6
TOT5-T6 extrusion 8.5 86.6 11.0 10.5 16
TOT5-T6 extruded bar 7.9 89.0 13.3 10.6 12
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TABLE IT

mmmmm%-m—mm

(a) Domodifisd specimens

NACA TN 3816

TOTH-T6 extrusion

Btatia
strength,

Bietle

Crackad
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Bpecimen| percent | strangth,
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TABIR IY.~ Gomeloded

mmammu*-m_mm

(b) Nodified specimens

0ah-Th extrusion J TOTD-%E6 sheet H TOTS-16 extrusion

Xeoanirdclty rodosed (meterial removed)

Craaked Battc +| Grweima Beatia Craakod
aron, ftthi;h wengsh, f| m:;m Statie | prangth, tn area, lztn‘:s’.tnh
crigioal | kst | Toffw  RF gl | kms | So/fa fpas arignet | s
aTea paroant aTea paroent arsa
1 5.3 50,6 5k 26 3.6 55.0 68,5 1.8 2.0
2 17 30.5 33.8 50,3 g 10.5 i.h 67.5 19.9 5.6
E 18 56.9 23,6 .l 0.6 .0 L3 L3} 39.7 38.9
5 ] O 470
n 5725 :# M.2
Mooortricity reduwed (waw out)
6 19 by &.6 6.3 » 7.2 56.1 63.8 a2 .5 36.7
!‘ 20 19.; K] 69,2 ?g 15.2 Eg.o 6 5 7.7 50,4
2 63. 2L.0 3.2 21.0 ,i 61.5 3 0
9 -] % S 30,5 ] 23,0 % T0.0 [ 25,2 .9
19 36 26.0 k3.0 5.5 56 Ej’ 1 ¥8.9
gg sh .5 k.o 51,0 gx N %9.4
39.3 :g.g gi.g 58,0 0.8
] e | ien 50k
& 7 4o.8 K]
A2 564 . 6
43 9.0 9. 3.8
Symmctrical ss¥ outs (no fatigue crack)
1 8.9 5 T1.9 A 8.6 657 816 LL) 10.0 6.5
2 ﬁ 3.7 .0 59.5 by 15.4 T 65.5 60 33-5 W1
i.i &5 35.2 h0.3 60,0 :6 k.6 5@'2 ﬁgf % 65'3 ﬂﬂ??r
5 Y] a1 218 6 ’
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BN (F EPATIC TE0yS O 12-TRCH-WITE SPECIMEME

202hT5 sheet T073-16 shest
With pendral hole With edge noteh ¥ith oamtrel hole With edge notoh
Craoked Cracked Crocksd
erea, | Static | goecern, ares, [ Static oras, | Biable | gvesern, Btatic
Specinen | perosat | stradgth, Bo/8g, Bpacimen | pavcent | streogth, Speaimen | percert s | By By, Hpeoimm strength,
originel percont ordginal i originel xni © ksl
. Aarea e, ares
b 0.0 62,1 BG.5 1% 0.0 69.8 =] %0 g.e 97.2 8 83.4
2 0.0 56.8 Bl.g 13 1.1 56.7 23 0.1 0 g.ﬁ 29 65.3
2 2,5 50.9 0.6 15 n.7T h5.h 2 2.1 49.6 .7 0 2.9
3.0 El.'{ o T 12.0 LS, e} 9.3 1.6 51.8 3 B.0
] 13.0 3.2 .2 ;) 12.6 | L1 o6 .a ho, 50.6 3B 39.7
§ 17.k h5.1 5h.B 19 b 36,4 27 29.8 3.9 29.1 ge p.5
1 ﬂ's 1k h3.2 20 1.0 26,5 316
8 .0 k.3 6.0 21 k1.9 .3 55 25.%
9 ;s.s 39.7 Toe3
10 .0 26.8 1.3
n b ] 27.$ 8.9
12 %8 28.8 38.8
13 B.5 27.6 33.h
RESILTS (F FEATIC TEAPS Ff T-INCH-WIE SPRCIME
20135 sheet TOTS-T6 aheet
Cracked Cracknd
area, Btatic area, Btatic m
Spacinen | parcant | strength, Bpeoiman { parcent | strength, 8o/Bs '
ariginel kel arlginm} zxi
aren area perosnt
1 0.0 57.9 8 0.0 80.2 %5
2 0.2 4. 9 0,8 6.2 575
3 b} 8.1 0 L B.6 LT]
5 11.6 37k 1 k.7 2.3 2.7
5 28.5 23.6 1w 25.3 15.3 19.0
6 10,5 13.6 13 .6 9.8 12.2
T Ko, 19.1 1 %0.0° 12.0 14.9
tith guldes.
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TABIE V
RESULTS (F STATIC TESTS OF 3/4-INCH-THICK SPECIMENS

(a) 2024-Th rolied bar 2 inches wide

Specimen Crack Cracked area, ss::z;:h, Sbmgo?;ze:mh’

profile percent original aresa ksi . percent
1 | l 0 58.3 90.0
2 3.8 k8.0 1
3 \ k.7 48.7 5.5
" ll. 5.7 46.5 72.1
5 i § 9.0 45,1 69.8
6 10.3 k5.0 69.5

7 | E E 11.9 42,5 65.7
8 .§I§. 15.0 41.9 6.7

9 [ NY ] 15.8 11.6 6.1
10 @K 20.8 39.0 60.3
n R 3%.0 32.2 49.8
al ARl 36.0 32.0 19.5
13 [ NN 5.1 2kl 37.7
1’* ALY 62.0 19.3 29.8
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TABLIE V.~ Continued

NACA TN 3816

RESULTS OF STATIC TESTS OF 3/4-INCH-THICK SPECIMENS

(b) 2024-7h4 rolled bar with tangs

Cracked Stetic strength,
aree, Static So/8u,
Bpecimen Crack profile g:i;i‘::l strekgfth, percent
erea Experiment Theory
1 o 54,0 83.5 T7.0
2 1.6 k7.9 .0 67.5
3 7.9 LL.8 69.3 64.0
k 22.6 314 48,5 51.0
5 31.6 34,2 52.9 48,1
6 334 37.6 55.6 48.1
7 38.0 2.2 374 39.5
8 4.1 25.3 39.0 37.0
9 52.5 19.6 30.2 31.9
10 o 56.6 87.6 TT.0
un 8.3 L b 68.5 63.3
12 8.9 k3.1 66.8 66.0
13 I SO 19.4 40.9 62.4 56.0
1i; mn&%‘-—-- 19.4 33.0 51.0 5k.0
15 SN 29.8 26.2 40,3 153
16 @ 37.6 30.2 k6.9 k.0
17 W 51.0 19.1 29.5 26.8

ke
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TABIE V.- Continued

RESULTS (F STATIC TESTS OF 3/4-INCH-THICK SPECIMENS

(e¢) TOT5-T6 extrusion 2 inches wide

Czacked Stati Static
rea atic
Specimen Sr;.';]i perce;:,xt strength, s‘grc;nsi;th,
protile original ksi o/mu
ares. percent
1 0 87.9 8.5
> i ! 2.9 6k .2 72.0
3 ! 3 2 69 . 6 73 . 3
} i
).[. 8 s 5 )'|'5 . 9 51 . 5
5 15 . 6 38 . 8 )'I'B . 5
6 % z hi.9 23.6 25.8
T \{ ho L 22.2 25.0
8 N 61.6 16.2 18.2

33
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TABIE V.- Concluded

RESULTS CF STATIC TESTS OF 3/4-INCH-THICK SPECIMENS
(4) TOT5-T6 extrusion with tangs

[For specimens 2, 3, and 10, the first numbers indicete the conditions
under whlch the crack advanced campletely through one tang. The nume
bers in parentheses sre conditions at final failure of the specimen.]

Cracked Static strength,
area, Static 8o/8us
Specimen Creck profile percent strength, percent
original ksi
area Experiment Theory
1 ==|—J:rL_|::=r 0 82.4 92.5 86.0
: 0.1 72.5 81.3 4.0
2 = = (5.6) (Th.5) (83.6)
1.0 6T.0 T5.1
3 = = (5:6) (76.7) (86.1) T4
L @ 5.6 TS5 86.3 51.9
5. s D 9.9 69.1 T7.8 ¥7.6
6 ﬂm 17.2 384 k3.1 37T
T m 34.0 21.0 25.6 30,0
8 mzw 70.8 1.6 8.5 1.5
] @ 0 85+ BT 86.0
1.0 59.5 66.8
10 @ (20.0) (67.7) (76.0) Tk
11 @ 11.5 46.5 52.4 42.5
12 @ 18.k 27.6 31.0 3.7
13 mM 27.6 18.0 20.2 29.3
14 STE \xﬁ‘.l- 6.5 12.3 13.8 19.7
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TABIE VI

RESULTS OF AUXILIARY TESTS

[e = 0.005 1n.; &p = 27.4]

35

- Ai;ﬁi;Pm Type of notch Experéﬁental (eqfw(5)) ComPU§§? o',
- | 2024-T3 60° V-notch 1.46 12.5 0.0038
TOT5-T6 60° V-notch 2.15 15.0 .0019

2024-T3 U~-notch 1.48 13.7 0057

T075-T6 U-notch 2.25 6.2 .0028

Av. = 0.0036
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Figure 2.~ Configuration of sheet specimens.
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Figure 3.~ Configuration of specimens mede from 3/4-inch-thick bar stock.
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Figure 4.~ Stress-strain curves for materials tested.
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Figure 5.- Macrostructure of materials used for small specimens (>< lO).
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Flgure 6.~ Effect of fatigue cracks on strength of 2024-T% aluminum-glloy-
sheet specimens 2%‘; inches wide.
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Figure 7.- Effect of fatigue cracks on strepgth of 2024 -Th eluminum-alloy-

extrusion specimens 2% inches wide.
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sheet specimens 2-3‘: inches wide.
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Figure 9.~ Effect of fatigue cracks on strength of T075-T6 aluminum-glloy-
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extrusion speclmens 2-1-; inches wide.
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Figure 10.- Effect of fatigue cracks on strength of 2024-T3 and 7075-T6
aluminum-alloy-sheet specimens 12 inches wide. (Symmetrical cracks
were assumed in computing curves for speclmens with central holes;
cracks on one side only were assumed in computing curves for specl-
mens with edge notches.)
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Figure 11.- Effect of fatigue cracks on strength of 2024-T3 and T075-T6
aluminum-~alloy~sheet specimens 35 inches wide.
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Figure 12.- Effect of fatigue cracks on strength of B/h-inch-'bhick speci-
mens made from 2024~Th sluminum-alloy rolled bar and TOT75-T6 aluminum-
alloy extruded bar. (Symmetrical cracks were assumed in computing

curves.)
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Figure 13.- Effect of Patigue cracks on strength of 1/8-inch-thick tang
specimens made from 2024-Th aluminum-allcy rolled bar and TOT5-T6
aluminum~-alloy extruded bar.
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- Figure 14.- Effect of fatigue cracks on strength of l/h-inch—thick tang
specimens made from 2024-Tk eluminum-alloy rolled bar and T7075~T6
aluminmm-alloy extruded bar.
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Figure 16.- Predicted strengths of 2024-T3 aluminum-alloy-sheet specimens.
(Symmetricel cracks were assumed in computing curves for specimens with
central holes; cracks on one side only were assumed in computing curves

for specimens with edge notches.)



52 NACA TN 3816

100

0 s

80 x N

70

40

30

20 2% wide, edge notch

12 wide, central hole
0 F 12 wide, edge notch
35 wide, central hole

1 | 1 | | I 1 |

0o 10 20 30 40 50 e0 70 80

Cracked area, percent original area

Figure 17.- Predicted strengths of TO75-T6 aluminum-slloy-sheet specimens.
(Symmetricel cracks were assumed in computing curves for specimens with
central holes; cracks on one side only were agssumed in computing curves
for specimens with edge notches.)
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Figure 18.- Stress concentration factor for an axially losded sheet con-
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